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ABSTRACT 
A development program f o r  t h e  purpose of eva lua t ing  t h e  s u i t a b i l i t y  of t he  
bear ing  package designed f o r  t h e  M-1 l i q u i d  oxygen turbopump was completed. The 
t e s t  r e s u l t s  i n d i c a t e  t h a t  t h e  bearing Derformance i s  adequate as compared wi th  - -  
t h a t  p red ic t ed  during the  design phase. 
were demonstrated a t  .5 x 106 DN values ,  
up t o  7O,OOO l b  ( twice the  r a t e d  load) .  
used as coolants ;  bear ing  m a t e r i a l s  were 
The 110 mm r o l l e r  and tandem b a l l  bear ings  
r a d i a l  loads of 15,000 l b  and t h r u s t  loads 
Liquid oxygen and l i q u i d  n i t rogen  were 
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This r e p o r t  descr ibes  the  a c t i v i t y  and r e s u l t s  of t h e  program t o  develop 
l i q u i d  oxygen cooled bear ings  f o r  use i n  t h e  ox id ize r  turbopump of t h e  M - 1  Engine. 
The ob jec t ives  of t h i s  development program were t o  ob ta in  bear ing  o p e r a t i o n a l  
information and t o  q u a l i f y  the  bear ings  f o r  use i n  t h e  turbopump. 
The b a s i c  bear ing  conf igura t ion  se l ec t ed  f o r  use i n  t h e  turbopump cons i s t ed  
of a s i n g l e  110 mm r o l l e r  bear ing  on the  output  (pump) end, a s i n g l e  lo5 mm r o l l e r  
bear ing  on the  input  ( t u r b i n e )  end, and a tandem s e t  of two 110 mm b a l l  bear ings  
mounted between those  on the  cohmon s h a f t .  The s h a f t  and housing were s i z e d  t o  
provide r a d i a l  i n t e r f e r e n c e  f i t s  on t h e  r o l l e r  bear ings and b a l l  bear ing  inne r  
races ,  and clearance f i t s  on the  b a l 1 , b e a r i n g  ou te r  races .  The coolan t  supply 
system was b a s i c a l l y  a " t o t a l  immersion system", bu t  coolan t  jets were provided t o  
a s su re  c i r c u l a t i o n  through t h e  bear ings .  
4 
* 
Design opera t ing  requirements were as fol lows : 
Output Rol le r  Input  Ro l l e r  Tandem B a l l  
Load l b  15 , ooo 7,000 35,000 
Spe e d r Pm 3, 720 3,720 3 ,  720 
Ac c e l e  ra t i on rpm/ s e c 7 ,  200 7,200 7,200 
Five b a s i c  tes t  se tups ,  ranging i n  complexity from a turb ine-dr iven ,  
s ing le -bea r ing  t e s t e r  t o  t h e  complete turbopump system were used dur ing  t h e  progyam. 
These t e s t e r s  provided t h e  c a p a b i l i t y  t o  s imula te  turbopump ope ra t ion  on mul t ip le  
combinations of b a l l  and r o l l e r  bear ings under con t ro l l ed  condi t ions  of load, 
a c c e l e r a t i o n ,  speed, and coolan t  p rope r t i e s .  
E a r l y  t e s t i n g  of c omme r c i a  1ly - ava i l a b  l e  t h r u s t  bear ings  y i  e lde d va luab l e  
o p e r a t i o n a l  information such as p r e - t e s t  cool ing  requirements,  load and speed 
c o n t r o l  r e l a t i o n s h i p s ,  and t e s t e r  capab i l i t y .  The r e s u l t s  of t h e  t e s t i n g  a l s o  
i n d i c a t e d  t h a t  tests of a l a rge  number of bear ing  conf igura t ions  weretqUfiaecessary 
i n  s e l e c t i n g  a bear ing  des ign  s u i t a b l e  f o r  t he  intended loads,  speed, and a c c e l e r a t i o n .  
The t e s t  program was modified t o  concentrate  e f f o r t  upon t h e  q u a l i f i c a t i o n  of tandem 
t h r u s t  bear ings  manufactured by the  New Departure Corp. and r o l l e r  bear ings  produced 
by SKF I n d u s t r i e s ,  Inc .  Q u a l i f i c a t i o n  t e s t i n g  provided bear ing  l i f e  information 
a t  turbopump ope ra t ing  condi t ions .  Load sha r ing  t e s t s  performed with t h e  tandem 
t h r u s t  bea r ings  received s p e c i a l  a t t e n t i o n  because good load sha r ing  would con t r ibu te  
t o  safe turbopump o p e r a t i m  a t  off-design condi t ions .  A s p e c i a l  q u a l i f i c a t i o n  
t e s t  s e r i e s  was conducted using l i q u i d  n i t rogen  as t h e  bear ing  coolan t  because 
e a r l y  turbopump t e s t i n g  would be conducted using l i q u i d  n i t rogen  t o  s imula te  a 
p r o p e l l a n t  . 
Performance of a l l  p refer red-conf igura t ion  bear ings  was e x c e l l e n t ,  with 
l i f e  i n  excess  of 5000 s e c  a t  des ign  r a d i a l  and a x i a l  loads  i n  l i q u i d  oxygen 
and of a t  l eas t  200 s e c  a t  or near  100% a x i a l  overload a t  DN va lues  of . 5  x 10 . 
Performance us ing  l i q u i d  n i t rogen  as a coolan t  was e q u a l l y  s a t i s f a c t o r y .  
e x c e l l e n t  p o s t - t e s t  cond i t ion  of t h e  bearings used i n  t h e  f i rs t  turbopump t e s t  





I n  the  M-1 l iquid oxygen turbopump, power i s  t r a n s m i t t e d  through a s i n g l e  
s h a f t  connect ing the  pump impel le r  t o  t h e  t u r b i n e  r o t o r .  Therefore ,  t h e  power 
t ransmiss ion  components a r e  loca ted  between t h e  l i q u i d  oxygen pump and t h e  hot  gas  
tu rb ine .  The extreme complexity of seals, h e a t e r s ,  and a u x i l i a r y  pumping systems 
r equ i r ed  f o r  convent ional  o i l  l u b r i c a t i o n  made it  desirable t h a t  t h e  bear ings  be 
cooled with l i q u i d  oxygen. The requirement t h a t  t h e  s h a f t  system be r i g i d  enough 
t o  prevent i n t e r f e r e n c e  between r o t a t i n g  and s t a t i c  parts under load d i c t a t e d  t h a t  
t h e  bear ing  minimum s i ze  should be approximately 110 mm bore  and t h a t  a x i a l l y  r i g i d  
b a l l  bear ings  be used t o  support  end t h r u s t .  
I 
The development of t h e  bear ing  system which was s e l e c t e d  as ind ica t ed  i s  t h e  
sub jec t  of t h i s  r e p o r t ,  which desc r ibes  t h e  e f f o r t  and r e s u l t s  ob ta ined  dur ing  t h e  
program conducted by Aerojet-General  Corporat ion under Cont rac t  NAS3-2555 t o  t h e  
Nat iona l  Aeronautics and Space Adminis t ra t ion.  
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11s. BEARING DEVELOPMENT PROGRAM 
A. DEVELOPMENT PROGRAM OBJECTIVES 
The bea r ing  development program was planned t o  y i e l d  o p e r a t i o n a l  informa- 
t i o n  concerning l i q u i d  oxygen cooled bear ings such as t h e  r equ i r ed  coolan t  f low r a t e  
and p r e s s u r e ,  cool ing  ra te  (chi l ldown t ime) ,  malfunct ion behavior  ( temperature  r i s e ,  
to rque  i n c r e a s e ,  v i b r a t i o n  l e v e l ) ,  and purging or dry ing  requirements;  and t o  survey 
t h e  performance ( l o a d - l i f e  r e l a t i o n s h i p )  of a l a r g e  number of bea r ings  produced by 
d i f f e r e n t  manufacturers.  Resu l t s  of very s u c c e s s f u l  e a r l y  t e s t i n g  i n d i c a t e d  t h a t  
t h e  survey t e s t i n g  was unnecessary,  and t h e  program was modified t o  concent ra te  
e f f o r t  upon q u a l i f i c a t i o n  of t h e  p re fe r r ed  conf igu ra t ion  t h r u s t  bea r ing  
(P/N 281642/700797), t u r b i n e  end r o l l e r  bea r ing  (P/N 281643), and pump end r o l l e r  
bea r ing  (P/N 281644) f o r  use  i n  t h e  turbopump. 
planned t o  provide bea r ing  l i f e  information a t  vary ing  condi t ions  of load ,  l oad  
d i r e c t i o n ,  load  shar ing ,  l oad  app l i ca t ion  r a t e ,  speed, a c c e l e r a t i o n ,  coolan t  f low 
laate, coolan t  p re s su re ,  coolan t  p r o p e r t i e s  ( l i q u i d  oxygen and l i q u i d  n i t r o g e n ) ,  and 
i n i t i a l  ( p r e - t e s t )  temperature .  
The q u a l i f i c a t i o n  t e s t  program was 
* 
B. BEARING CONFIGURATION 
1. Arrangement of Bearinas i n  t h e  Turbomum 
a.  Assembly Arrangement 
Bearings were arranged as shown i n  F igu res  1 and 2 on a 
common s h a f t  wi th  a 110 mm bore  x 170 mm O.D. x 28 mm long r o l l e r  bea r ing  on t h e  
pump (ou tpu t )  end, a lo5 mm bore  x 160 mm O.D. x 26 mm long r o l l e r  bear ing  on t h e  
t u r b i n e  ( i n p u t )  end, and wi th  t h e  tandem s e t  o f  two 110 mm bore  x 170 mm O.D. x 
28 mm long  b a l l  t h r u s t  bea r ings  loca ted  between t h e  r o l l e r  bea r ings ,  ad jacent  t o  
t h e  pump end r o l l e r .  
The bea r ings / sha f t  assembly was encased i n  a common (one- 
p i e c e )  housing t o  provide p o s i t i v e  con t ro l  of r e l a t i v e  r ad ia l  p o s i t i o n  and a l ign -  
ment of t h e  r o l l e r  bear ings :  
b. Mounting and F i t s  
The bear ings  were mounted on t h e  s h a f t  with t h e  r equ i r ed  
spacers  and j e t  r i n g s  and clamped i n  place by a lock  nut .  
Bearing f i t s  ( inner  r a c e  t o  s h a f t  and ou te r  r a c e  t o  housing) 
were t h e  same f o r  a l l m a n u f a c t u r e r s '  bear ings .  F i t s  between s h a f t s  or housings 
and p ro to type  bea r ings  were as follows: 
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Figure 1 
Oxidizer Turbopump Assembly 
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Figure 2 
Turbopump Power Transmission - rage  5 
Diametral  F i t  
Inner  Race t o  Shaf t  
Diametral  F i t  
Outer Race t o  Housing 
Type of Bearing 
Pump Ro l l e r  
P/N 281644 
Turbine Ro l l e r  
P/N 281643 
Thrust  Bearing 
P/N 281642 
( i n , )  ( i n . )  
Ambient Operating Tem- Amb -i en t Operat ing Tem- 
Temper a t  u r  e p e r a t u r e  (-287 "F ) Temperature p e r a t u r e  (-287 OF) 
0.0017/0 0023 o ooo4/o, ocio 0 e OC03/0 0012 0.0015/0.0024 
Tight Tight  Loose Tight  
0 0017/0.0023 0 e 0004/0 0010 0 0003/0 0012 0.0013/0 0022 
Tight Tight Loose Tight  
0.0012/0.0018 O.OOO~ Loose/ 0,0131/0.0146 0.0104/0.0119 
Tight 0.0005 Tight  Loose Loose 
Assembly of t h e  bear ings  was f a c i l i t a t e d  by hea t ing  t h e  bea r ings  t o  300"F/350°F 
before  i n s t a l l a t i o n  t o  overcome t h e  i n t e r f e r e n c e  f i t  between t h e  inne r  r a c e  and 
s h a f t  
e .  Coolant System 
Coolant was suppl ied  t o  t h e  bear ings  through j e t  r i n g s  which 
d i r e c t  t h e  coolan t  d i r e c t l y  on t h e  r o l l i n g  elements .  The j e t  r i n g  passage has an 
annular d i s t r i b u t i o n  channel  with a x i a l  e x i t ,  c y l i n d r i c a l  spray nozz les .  
The j e t  r i n g s  were srranged i n  t h e  turbopump (Figure  2 )  with 
one r i n g  between the  pump end r o l l e r  bear ing  and t h e  ad,jscent t h r u s t  bea r ing  
supplying coolan t  through f i v e  O.O$O-in. diamcter holez t o  t h e  r o l l e r  bea r ing  and 
through f i f t e e n  0.050-in. diameter ho les  to t b e  t h r u b t  bea r ing ;  one j e t  r i n g  
suppl ied the  lower t h r u s t  bear ing  through f i f t e e n  C ~ o ~ - i ' 7 ~ : ~ -  i n ,  diameter ho le s ;  and 
one jet r i n g  wi th  f i v e  0 ,050- in .  diameter ho les  s - q r l i e d  coolan t  t o  t h e  t u r b i n e  
end r o l l e r  bea r ing ,  
The j e t  ringz, were designed t o  ; u F x l y  coolant  t o  d i s s i p a t e  
t h e  h e a t  genera ted  a t  design r a d i a l  and t h r u s t  loads  a t  t h e  approximate r a t e s  of 
ln4 gpm 
bea r ingsa l )  a 
e r  bea r ing  for t h e  r a d i a l  bear ings  and 507 gpm pep bea r ing  f o r  t h e  t h r u s t  
2. Operating Conditions 
a .  Thrus t  Bearings 
Tandem t h r u s t  bear ings  were manufactured by two vendors:  
t h e  New Departure Corp. (PIN 281642 and 700197) and I n d u s t r i a l  Tec ton ic s ,  Inc .  
(P/N 288280). Thrust  bea r ings  P/N 281642 and 700797 a r e  i d e n t i c a l  except  f o r  
(1) Dubief ,  J . ,  Heat Generation i n  Annul-ar Cont-cct Ea11 Bearings Under Ax ia l  Load, 
Report RMR 0075, Aerojet-General ,  1 6  J a n u a r y  1963. 
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be ing  matched f o r  load sha r ing  i n  opposi te  d i r e c t i o n s  r e l a t i v e  t o  t h e i r  o r i e n t a t i o n  
i n  t h e  turbopump. 
t h e  New Departure Corp. (P/N EX3lOOOC)  and I n d u s t r i a l  Tec tonics ,  Inc .  (P/N 288140). 
S ingle  t h r u s t  bear ings were manufactured by t h e  same vendors:  
~ The ope ra t ing  condi t ions  f o r  t h e  tandem bea r ings  were as fo l lows:  
Operat ing Condition 





281642 and 700797 
- 
Thrus t  Load (Reverse D i r e c t i o n ) ,  l b  8,000 5,000 
Overload (Sharing D i r e c t i o n ) ,  l b  39,000 44,000 







Acce le ra t ion  Rate ,  rpm/sec 7,200 7,200 
Coolant Flow Rate ,  gpm/Bearing 5.72 5.72 
Coolant P res su re ,  p s i g  450 450 
Coolant Temperature, LN2, O F  
Coolant Temperature, LO29 "F 
-320 -320 
-297 -297 
b .  Rad ia l  Bearings 
Rad ia l  l oad  roller bea r ings  were manufactured by t h e  
SKG? I n d u s t r i e s ,  Inc . ,  wi th  t h e  fol lowing o p e r a t i o n a l  requirements:  
Pump Bearing Turbine Bearing 
Operat ing Condition P/N 281644 P/N 281643 
Rad ia l  Load, l b  











Acce le ra t ion  Rate ,  rpm/sec 7,200 7,200 
Operating Condition 
Coolant Flow Rate ,  gpm 
Coolant Pressure ,  p s ig  
Coolant Temperature, LO2, OF 
Coolant Temperature, LN2, OF 
3. Design Data 
a .  Thrus t  Bearings 
Pump Bearing Turbine Bearing 









(1) New Departure Corp. (ND) 
Two sepa ra t e  bea r ings  were manufactured by New Departure  
f o r  t h e  bear ing  eva lua t ion  program: 
bear ing  s e t .  
a s i n g l e  t h r u s t  bea r ing  and a tandem t h r u s t  
The s i n g l e  bear ing  (P/N E X 3 l O O O C )  had a nonseparable o u t e r  
r a c e ,  b a l l ,  and cage assembly with a s p l i t  inner  r ace  without  p u l l e r  grooves.  The 
tandem bear ing  (P/N 281642/700797) was made up of two bea r ings  matched f o r  optimum 
load shar ing .  
inner  r a c e s .  
The bear ings were completely separable  wi th  p u l l e r  grooves on t h e  
Both bear ings  were made wi th  t h e  same materials,  AIS1 440C 
Design d e t a i l s  of t h e s e  S t a i n l e s s  S t e e l  races  and b a l l s  and Armalon 405~-116  cages.  
bear ings  a r e  as fol lows:  
P/N 
EX 3 1 OOOC 
Type 
S u e  
Nc, of B a l l s  




Duplex Tandem S ing le  
110 mm x 170 mm x 28 mm 110 ~IYI x 170 mm x 28 mm 
1.9 18 
3/4 i n .  25/32 i n .  
ABEC 5 ABEC5 
20° 25 O 
52% Inne r ,  52% Outer 52% Inne r ,  56% Outer 
PIN 
2816421700797 
Radia l  Clearance a t  
Amb i e n t  Temperature 0.0038/0.0042 
PIN 
EX3lOOOC 
End Play 0.017/0 e 023 
Cage Desigr? One P iece ,  Reinforced with One P iece ,  Reinforced wi th  
Aluminum Side P l a t e s  Aluminum Side P l a t e s  
( 2 )  I n d u s t r i a l  Tectonics ,  Inc.  ( I T I )  
Two sepa ra t e  bea r ings  were made f o r  t h e  bea r ing  evalua-  
t i o n  program by I T I ,  a s i n g l e  t h r u s t  bear ing (PIN 288140) and a tandem t h r u s t  
bear ing  (PIN 288280). The bear ings  were s i m i l a r  i n  design and made of  t h e  same 
material, AIS1 440C S t a i n l e s s  S t e e l  races  and b a l l s  and Armalon 405~-116 cages.  
The cage design incorpora ted  a con t ro l l ed  b a l l  drop. Ijesign d e t a i l s  o f  t h e s e  





S ing le  
S ize  110 mm x 1-70 mm x 28 mm 110 mm x 170 mm x 28 m 
No, of Ba1l.s 20 19 
S ize  of Balls 23/32 314 
Class ABEC7 ABEC7 
Contact  Angle 30 O 27.5" 
Eiice C w x i t - x e  53$ Inne r ,  52% Outer 52% Inne r ,  54% Outer 
I i a d i  a1 Clearance a t  
Arfb f e n t  T emp e r  a t  UT e o.0063/0.0069 
End P lay  0.020/0 :025 0 022310.0255 
Cage Design One P iece ,  Reinforced wi th  One P iece ,  Reinforced wi th  
Aluminum Side P l a t e s  Aluminum Side P l a t e s  
b o  Rad ia l  Bearings 
Pump and t h e  turbine-end r a d i a l  bear ings  were manufactured by 
These r a d i a l  bear ings a l s o  used 4 4 O C  r ace  and r o l l e r  m a t e r i a l  SKF I n d u s t r i e s ,  Inc .  
and Armalon 405~-116 cages.  
Design d e t a i l s  of t h e s e  bear ings  a r e  as fol lows:  
S ize  
No. of  R o l l e r s  
S ize  of R o l l e r s  
R o l l e r  Configuration 
Class  
P/N 281643 P/N 281644 
105 mm x 160 mm x 26 mm 
19 19 
110 mm x 170 mm x 28 mm 
15 mm d i a .  , 17 mm long 
Crowned Crowned 
ABEC 5 ABEC 5 
16 mm d i a . ,  16 mm long 
Diametral  Clearance a t  
Amb i e n t  Temperature 0.0029 t o  0.0033 
Cage Design 
0.0030 t o  0.0034 
One P iece ,  Reinforced with One P iece ,  Reinforced w i t h  
Aluminum Side  P l a t e s  Aluminum Side P l a t e s  
4.  Operating S t r e s s e s  (Prototype Bear ings1  
a.  Thrust  Bearings 
An a n a l y s i s  was made t o  determine t h e  c o n t a c t ,  hoop, and 
r a d i a l  s t r e s s e s  a t  ambient and ope ra t ing  temperatures  f o r  t h e  two-bearing tandem 
s t ack  (P/N 281642); t h e  t o t a l  shared load was assumed t o  be 33,000 lb. 
was m&de under two loading condi t ions :  
shar ing .  The r e s u l t s  a r e  shown i n  Table I. 
This  s tudy 
50%/50'$ load  sha r ing  and 60%/40% load 
The dynamic con tac t  angles of 3 4 , l  degrees  on the  inne r  r ace  
acd '33.8 degrees  on t h e  ou te r  r a c e  f o r  t h e  pro to type  bea r ing  a t  4000 rpm and 
16,50(-1b load r e s u l t s  i n  t h e  conttict  e l l i p s e  be ing  confined w e l l  w i th in  t h e  design 
s h o d d e r  he igh t .  
b, R.oller Bearings 
An a n a l y s i s  of  hoop and compressive s t r e s s e s  was completed f o r  
r o l l e r  bear ings  P/N 281644 (pump end) and P/N 281643 ( t u r b i n e  end) a t  ambient tempera- 
t u r e  with no load  a t  ope ra t ing  temperature  and des ign  load ,  S t r e s s e s  were c a l c u l a t e d  
us ing  maximum in t e r f e rence  f i t s .  The r e s u l t s  were a s  fol lows:  
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Radia l  Load, l b  
Inner Race Hoop S t r e s s ,  p s i  
Inner Race Rad ia l  S t r e s s ,  p s i  
Outer Face Tangent ia l  
S t r e s s ,  p s i  
Outer Race Rad ia l  S t r e s s ,  p s i  
e 
Inner Race Contact S t r e s s ,  p s i  
Outer Race Contact S t r e s s ,  p s i  
P/N 281644 
Operating Temperature 
Ambient -287 O F  
0 17,680 
13  500 500 
*1520 *144 
0 6,070 





Ambient -287 "F 
0 9 , 970 
16,800 1,240 







































C* TEST P R O G W  
1. Bearing Testers 
a .  Turbine Driven Tes te rs  
(1) Single  Bearing Evaluat ion 
The turb ine-dr iven ,  s ing le-bear ing  t e s t  head shown 
schemat ica l ly  i n  Figures  3 and 4 was designed t o  t e s t  two s i n g l e  t h r u s t  bear ings ,  
arranged i n  opposed load d i r e c t i o n s ,  a t  t o t a l  loads up t o  20,000 l b  and s h a f t  speeds 
of up t o  6000 rpm. The bear ings  were mounted on a d i r e c t - d r i v e  s h a f t  encased i n  an  
a x i a l l y  f l o a t i n g  housing inco rpora t ing  a n  i n t e r n a l  hydrau l i c  load-ac tua t ion  system. 
The load was app l i ed  d i r e c t l y  t o  t h e  outboard bear ing,  through t h e  hydraul ic  a c t u a t i o n  
system, and appeared i n  t h e  inboard bear ing a s  a r e s i s t i v e  r e a c t i o n  load. 
back p res su re  caused by scavenge l i n e  pressure  drop a c t i n g  upon the  f l o a t i n g  t e s t  
housing r e s u l t e d  i n  unequal loads i n  t h e  two bear ings,  which was ev ident  when t h e  
' 'inboard" and "outboard" loads  were compared from t h e  t e s t  r e s u l t s .  
Coolant 
The d r i v e  un i t  cons is ted  of a n  independent ly  mounted, 
modified T i t a n  t u r b i n e  using gaseous n i t rogen  a s  the  drive gas. 
(2)  Acce lera t ion  Evalua t ion  
The a c c e l e r a t i o n  performance tes te r  shown i n  Figures  
J and 6 was designed t o  t e s t  one b a l l  t h r u s t  bear ing  and one r o l l e r  bear ing  a t  
a c c e l e r a t i o n  r a t e s  up t o  25,000 rpm/sec a t  p a r t i a l  load. 
on a d i r e c t l y  d r iven  s h a f t  encased i n  a common (one-piece) housing. 
and r a d i a l  loads were app l i ed  through e x t e r n a l  hydrau l i c  load a c t u a t o r s .  
The bear ings  were mounted 
Both a x i a l  
The d r i v e  u n i t  was t h e  same a s  t h a t  used f o r  t he  s i n g l e  
bea r ing  tes te r .  
b. Motor Driven Tes te r  
The motor dr iven bear ing  t e s t e r  (F igures  7 and 8) was a 
v e r s a t i l e ,  mu l t ip l e  bear ing  t e s t  u n i t  adaptab le  t o  s e v e r a l  combinations of b a l l  
and rc l le r  bear ings .  S e t s  of t e s t  bear ings were i n s t a l l e d  i n  each of two c a r t r i d g e  
or  c a r r P e r  assemblies .  The two ca r t r idges  were coupled toge the r  with a sp l ined  
s h a f t  and i n s t a l l e d  i n  the  main housing with a n  a d d i t i o n a l  s l ave  r o l l e r  bear ing  on 
t h e  i n p u t  end of t he  s h a f t  t o  i s o l a t e  motor s i d e  loads .  Both a x i a l  and r a d i a l  loads 
were app l i ed  through i n t e g r a l  hydraul ic  load a c t u a t o r s .  
Although the t e s t e r  was adaptab le  t o  many combinations of 
t e s t  bear ings ,  t h e  only  two used i n  t h e  M - 1  ox id i ze r  bea r ing  t e s t  program were t h e  
tandem t h r u s t  bear ing  assembly (Figure 9) and tk r o l l e r  bear ing  assembly (F igure  lo). 
COOLANT COOLANT 
o u r  JN 
7-6 TE3 
Figure  3 




Tes t  S t and ,  Single  Thrust  Bearing T e s t e r  
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Figure 5 
Test Head, Acce lera t ion  Tes t e r  
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Figure 6 
Test  S t a n d ,  Acce lera t ion  T e s t e r  
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Figure  7 
Test Head, Motor Driven Bearing T e s t e r  
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Figure 8 
Motor Driven Tes t e r  
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Figure 9 
Tandem Bearing Tes t  Head 
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Figure 10 
Roller Bearing T e s t  Head 
n .  rage c . 1  m. 
The t e s t e r  was dr iven  by a kkO-volt, three-phase induc t ion  
mctor developing 350 hp a t  20,000 rpm. 
accu ra t e  speed c o n t r o l  over a speed range from 1000 t o  20,000 rpm. 
torque  var ied  l i n e a r l y  from 20 l b - f t  a t  1000 rpm t o  80 l b - f t  a t  20,000 rpm. Maximum 
a c c e l e r a t i o n  c a p a b i l i t y  va r i ed  from 750 rpm/sec a t  des ign  bear ing  loads t o  2000 rpm/ 
s e c  a t  no load.  
A var iable-frequency power supply allowed 
Avai lab le  motor 
I e .  Power Transmission T e s t e r  
The power t ransmiss ion  ( I T A )  t e s t e r  shown on Figures  11 and 
12 cons is ted  of two turbopump power t ransmiss ions  (Figure 13) coupled t o g e t h e r  a t  
t h e  s h a f t  cu tput  ends. Ax ia l  loading was accomplished by a system of a c t u a t o r s  
t h a t  f c rced  t h e  bear ing  housings toward each o t h e r  t o  s imula te  turbopump loading  
i n  the downward (toward t h e  t u r b i n e )  d i r e c t i o n  and forced  t h e  housings a p a r t  t o  
s imula te  upward loading. Radia l  load was  app l i ed  by a n  a c t u a t o r  t h a t  s h i f t e d  t h e  
bea r ing  housing centers  from t h e i r  i n i t i a l  a l i gned  p o s i t i o n .  
t u r b i n e  hea t ing  e f f e c t s  weret&rncorporated i n t o  t h e  u n i t .  
P rov i s ions  f o r  s imula t ing  
The t e s t e r  was  d r iven  by a 5OO-hp, 4000-rpm steam t u r b i n e  
through a r igh t -angle  gearbox, a f l y  wheel, and a p l ane ta ry  gear  speed i n c r e a s e r .  
A r e t a r d e r  brake assembly, used i n  conjunct ion with the  p l ane ta ry  g e a r  system, 
allowed accura t e  a c c e l e r a t i o n  c o n t r o l  up t o  32,000 rpm/sec a t  no load.  
2. Operat ional  Considerat ions II- 
a .  Controls  
(1) Speed and Accelera t ion  
( a )  Turbine Driven T e s t e r  
The speed of t h e  t u b i n e  d r i v e n  t e s t e r s  was c o n t r o l l e d  
by manually r egu la t ing  t h e  t u r b i n e  i n l e t  p re s su re  based upon a d i g i t a l  readout  
ta-bometer. The slow 1-e;ponse c h a r a c t e r i s t i c s  of  t h e  manual system p roh ib i t ed  r a p i d  
apLl i ca t ion  o r  removdl cf t h e  load i f  good speed c o n t r o l  was t o  be maintained. Therefore ,  
transiect Load s t u d i e s  were not  p r a c t i c a l  without  ex tens ive  c o n t r o l  modi f ica t ions ,  
and t e s t i n g  with t h i s  t e s t e r  was l imi t ed  t o  s t eady  load t e s t s  and no-load a c c e l e r a t i o n  
t e s t s .  
Acce lera t ion  was c o n t r o l l e d  by p r e - s e t t i n g  t u r b i n e  
i n l e t  p re s su res  upstream of a f a s t - a c t u a t i n g  valve.  P re - se t  p re s su re  l e v e l s  were 
determined on a "trial and e r r o r "  b a s i s .  
Decelerat ion was normally accomplished by manual-remote 
c losu re  of t h e  tu rb ine  gas flow c o n t r o l  va lve ,  which allowed t h e  t e s t e r  t o  c o a s t  t o  
a s top .  An automatic overspeed p r o t e c t i o n  system, which vented t u r b i n e  d r iven  gas 
t o  atmosphere i n  t h e  event  of an  overspeed s i g n a l ,  was provided. 
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F i g u r e  1 1  
Power Transmission Tester 
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Figure 1 2  
Test S t a n d ,  Power Transmission Tester 
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Figure 13 
S ing le  Power Transmission Assembly 
r age  25 
(b)  Motor-Driven Tes t e r  
Speed c o n t r o l  of t h e  motor-driven t e s t e r  was maintained 
by manually c o n t r o l l i n g  motor c u r r e n t  and inpu t  frequency based upon v i s u a l  observa t ion  
of a d i g i t a l  readout tachometer. 
c h a r a c t e r i s t i c s  were a l s o  dependent upon the  r e a c t i o n  t i m e  and judgement of t h e  
opera tor ,  t r a n s i e n t  l o a d  t e s t s  were a g a i n  i m p r a c t i c a l  and t e s t i n g  was l imi t ed  t o  
s teady  load t e s t s .  
Because t h i s  speed c o n t r o l  sys tem's  response 
Acce lera t ion  was au tomat i ca l ly  con t ro l l ed  t o  a 
p r e - s e t  ra te  b u t  was l imi t ed  t o  a maximum of 2000 rpm/sec. 
Dece lera t ion  was accomplished by swi tch ing  o f f  t h e  
motor c u r r e n t  and allowing t h e  t e s t e r  t o  coas t  t,o a s top .  No emergency shutdown 
system was provided. 
( e )  Power Transmission Tes t e r  
The power t ransmiss ion  t e s t e r  speed was au tomat i ca l ly  
control l -ed by a closed loop feedback c i r c u i t  t h a t  monitored s h a f t  speed and c o n t r o l l e d  
t h e  steam t u r b i n e  i n l e t  p re s su re .  Maximum speed v a r i a t i o n s  were l imi t ed  t o  less than  
100 rpm when a load was suddenly app l i ed  o r  removed. 
Ac c e lerat  ion  was a.c c ompli shed by i n i  t i a  l l y  a c c e l e r a t i n g  
t h e  f lywheel  t o  f u l l  speed and then  a c t i v a t i n g  t h e  p l ane ta ry  gear  system over a s e l e c t e d  
t ime i n t e r v a l .  The maximum a c c e l e r a t i o n  o t t a i n a b  l e  was 32,000 rpm/sec. 
De ce l e  r a t i  on wa s a.c compli shed by s irriultane ous l y  
reducing t u r b i n e  i n l e t  p ressure  and braking  t h e  high-speed s h a f t  t o  a s top .  No 
emergency shutdown system was provided, bu t  a shear -p in  coupl ing disengaged t h e  d r i v e  
from the  t e s t e r  i n  the event  of mechanical b inding  w i t h i n  t h e  t e s t e r .  
( 2 )  Loading 
Ax ia l  and r a d i a l  l c sd  c o n t r o l  was b a s i c a l l y  t h e  same f o r  
a l l  t e s t e r s  and was manually contrwlled by r e g u l a t i n g  hydrdul ic  a c t u a t i o n  p res su re .  
The slow response c h a r a c t e r i s t i c s  of t h e  hydrau l i c  systems s e v e r e l y  l i m i t e d  t h e  
t r a n s  i e  n t  load tes t  ca pab i lit y . 
(3)  Coolant Pressure  and Flow 
Coolant flow ra tes  and p r e s s u r e s  were c o n t r o l l e d  by manually 
p re - se t  supply t ank  p res su re  and f ixed  l i n e  o r i f i c e s ;  t h u s ,  rhe t r l r  bopump cond i t ions  
of speed-dependent coolant supply p re s su re  and flow r a t e  were not  s imulated i n  any 
of t h e  tes ters .  
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b.  Measurements 
(1) Pre-Test and Post-Test  Dimensional I n s p e c t i o n  
Bearing, sha f t ,  and housing dimensions were t aken  before  
and a f t e r  each t e s t  series. Gross dimensions, such as s h a f t  diameter ,  bear ing  bore,  
and bear ing  o u t e r  diameter ,  were measured by convent iona l  i n s p e c t i o n  equipment 
under r i g i d l y  con t ro l l ed  temperature condi t ions .  I n t e r n a l  bea r ing  geometry measurements 
were a l s o  t aken  under con t ro l l ed  environmental  condi t ions  i n  a l abora to ry ;  equipment 
capable of measurement t o  t h e  n e a r e s t  mi l l i on th  of a n  inch  was used. B a l l  s i ze  
and s i z e  v a r i a t i o n s  were t h e  most u s e f u l  dimensions because they  gave a good i n d i c a t i o n  
of bea r ing  wear and l i f e  expectancy. Dynamic con tac t  angle  measurements were no t  as 
u s e f u l  a s  planned i n  determining load shar ing  because t h e  wear p a t h s  were t y p i c a l l y  
d i f f i c u l t  t o  a s s o c i a t e  with a p a r t i c u l a r  load;  t h i s  r e s u l t e d  from t h e  s e v e r a l  loads  
and s t a r t u p  speed/load r e l a t i o n s h i p s  encountered wi th  each assembly. Typica l  pre-  
t e s t  and p o s t - t e s t  dimensional  r eco rds  of a d i s t r e s s e d  bea r ing  a re  g iven  i n  Appendixes 
A and B. 
Shaf t  runout and bea r ing  drag  torque  were measured a t  
assembly and dur ing  each t e s t  s e r i e s .  Bearing drag  torque  under known app l i ed  loads  
was a good i n d i c a t i o n  of b a l l  o r  r ace  d i s t r e s s  (F igure  14) .  
(2)  Data Acquis i t ion  
Speed measurement was e s s e n t i a l l y  t h e  same f o r  a l l  
t e s t e r s  and was made by a magnetic pickup mounted over a notched s u r f a c e  on t h e  
s h a f t .  Speed was d isp layed  on both a d i g i t a l  readout  device and a s t r i p  c h a r t .  
Bearing load d a t a  were acqui red  through t h r e e  b a s i c  
systems: e x t e r n a l  load  c e l l s ,  pressure a c t i n g  upon t h e  a c t u a t o r  p i s t o n  area, and 
i n t e r n a l  a x i a l  load c e l l s .  The f i rs t  two methods are well-developed convent iona l  
techniques ;  however, t h e  i n t e r n a l  load c e l l  system i s  worthy of s p e c i a l  note .  This 
system,as used i n  t h e  turbopump, cons is ted  of a t h i n  wa l l  c y l i n d r i c a l  Incone l  
spacer  wi th  e i g h t  s t r a i n  gages bonded t o  t h e  o u t e r  diameter ,  arranged i n  a se l f -  
temperature-compensating Wheatstone br idge.  The r e s u l t s  of t h e  load c e l l  bench 
tes ts  showed t h a t  ou tput  was l i t t l e  a f f e c t e d  by e i t h e r  bending loads  o r  temperature  
changes, and t o t a l  c a l i b r a t i o n  da ta  s c a t t e r  ( f o r  a l l  e f f e c t s  inc luding  supply 
v a r i a t i o n s )  was less than  + 4%. 
t h e  load c e l l  dur ing  a c t u a l  bear ing  t e s t s  because severe  e l e c t r i c a l  connector 
problems in t roduced  changing-line r e s i s t a n c e s  t o  t h e  c i r c u i t .  
However, l i t t l e  u s e f u l  d a t a  was obtained from 
Bearing v ib ra t ions  were measured by i n t e r n a l  accelerometers  
mounted i n  c o n t a c t  with t h e  bear ing  outer  r aces  (F igure  1 5 ) .  
bea r ing  v i b r a t i o n  da ta  were obtained because of s imilar  inadequate  connector  performance. 
However, no useable  
Bearing temperature (Figure 16), coolant  f low rate,  
p re s su re ,  temperature ,  and dynamic torque were measured by convent iona l  means; a l l  
proved t o  be u s e f u l  sa fe-opera t ing  c r i t e r i a .  
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Figure 14 



















Figure 16  















e .  Test Procedwe 
(1) Turbine Drive Tes t e r s  
P - e  p r e - t e s t  and chil ldown prccedures  were as  fo l lows  
for t h e  s i n g l e  bea r ing  tes te r  and t h e  a c c e l e r a t i o n  tes te r :  
( a )  
of one hour p r i o r  t o  bleed-in.  
Maintain 120°F gaseom n i t rogen  purge for a minimum 
(b )  Bleed i n  l i q u i d  oxygen for 15 min o r  u n t i l . b e a r i n g  
temperatures  reach -270°F, whichever i s  longer.  
The t e s t  procedu.re v a r i e d  with t h e  t es te r  and was as 
fol lows : 
- 1 .:$ingle Bearing T e s t e r  (see Figures  3 and 4) 
a Se t  t h m s t  pre-load a t  1000 lb. 
S e t  d e s i r e d  coolan t  flow and i n l e t  pressure. 
b I n i t i a t e  t e s t .  - 
- c Adjust  speed t o  des i r ed  va lue .  
d Inc rease  t h r l x t  load  t o  d e s i r e d  l e v e l  
and run  s t e a d y  s t a t e .  V i sua l ly  manit% speed t h r u s t ,  and bea r ing  temperature.  
- e Termixate -Lest by decreas ing  t u r b i n e  p re s su re .  
I_ f Simultansc<dsly decrease t h r u s t  load t o  
p r e  - load l i m i t  . 
g With speed a t  zero,  decrease loads,  coolan t  
flow, and p res su re  t o  zerc .  
h 
u n t i l  bFaring temperatures  reach 7C°Fr 
Rot p>irge t h e  bear ing  c a v i t y  a t  120°F 
Unscheduled t e s t  t e rmina t ion  l i m i t s  were: 
speed exceeding 10,000 rpm; t h r u s t  load exceeding 20,000 lt ; o r  bea r ing  temperature  
reaching  200°F o r  changing rap id ly .  
- 2 Accelera t ion  Tester (see Figures  5 and 6)  
- a Se t  d e s i r e d  t h r u s t  and r a d i a l  loads.  
ra te  wi th  t h e  valve closed.  
- b Se t  t u r b i n e  p re s su re  for d e s i r e d  a c c e l e r a t i o n  
C - 
d - 






flow, and p res su re  t o  zero.  
h 
u n t i l  bea r ing  temperature reaches 70°F. 
Set d e s i r e d  coolan t  flow and i n l e t  p re s su re .  
I n i t i a t e  t e s t  by opening t u r b i n e  p re s su re  
Operate until speed s t a b i l i z e s .  
Terminate t e s t  by c los ing  t u r b i n e  p re s su re  
With speed a t  zero,  decrease  loads,  coolan t  
Hot gas purge bea r ing  c a v i t y  a t  120°F 
Unscheduled tes t  t e rmina t ion  l i m i t s  were: 
speed g r e a t e r  t h a n  6500 rpm, or bea r ing  temperature  reaching  -200'F o r  changing 
r ap id ly .  
(2) Motor Driven Tester ( s e e  F igures  7 and 8) 
The gene ra l  procedures f o r  r o l l e r  bea r ing  (Figure 10) 
tests and t h r u s t  bear ing  (Figure 9)  tes ts  using t h e  motor-driven t e s t e r  were t h e  
same wi th  t h e  except ion  of not  applying t h r . j s t  l o 3 . d ~  i n  the  r o l l e r  b e a r i n g  tes t s .  
?"ne fo l lowing  procedLre i s  f o r  a t h r u s t  bear ing  t e s t :  
( a )  Purge t e s t  head and s e a l  c a v i t y  wi th  gaseous 
n i t rogen  a t  ambient temperature and 50 p s i g  f o r  on? hour p r i o r  t o  t e s t .  
(b)  Bleed-in coolant to t e s t  head and main ta in  10 gpm 
flow u n t , i l  bear ing  temperatures reach -200°F m a x i m a .  
( e )  S e t  r a d i a l  pre-1ou.d a t  1060 lb. Set  t h r u s t  p re- load  
at 5000 lb. 
(d)  Se t  coolan t  flow r a t e  and p res su re  t o  d e s i r e d  
values  and main ta in  u n t i l  t e s t  t e rmina t ion .  
( e )  S t a r t  e l e c t r i c  motor and inc rease  speed t o  d e s i r e d  
va h e .  
( f )  With speed s t a b i l i z e d ,  set  d e s i r e d  t h r u s t  and r a d i a l  
loads.  
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(g )  Operate a t  s teady  s t a t e ;  v i s u a l l y  monitor speed, 
coolan t  flow, and bear ing  temperature.  
(h )  Simultaneously decrease speed, loads,  coolan t  flow , 
and pressure  t o  zero. 
(i) Purge with n i to rgen  gas a t  1 6 0 ' ~  u n t i l  bear ing  
temperature  reaches 7O0F. 
Unscheduled t e s t  t e rmina t ion  l i m i t s  were: speed exceeding 
10,000 rpm; coolant  flow l e s s  t han  30 gpm; or bear ing  temperature reaching 200°F 
or changing rap id ly .  
( 3 )  Power Transmission Assembly T e s t e r  (See Figures  11 and 12) 
The following procedure was used f o r  t h e  power t ransmiss ion  
assembly t e s t s .  
( a )  Maintain a dry  gaseous n i t rogen  purge a t  1 6 0 ' ~  i n t o  
the  t e s t e r  a t  a r a t e  of 1.0 lb / sec  f o r  30 min p r i o r  t o  test .  
maintain a vacuum i n  t h e  s e a l  vent  cavi ty .  
A t  t he  same time, 
(b )  Bleed-in coolan t  through t h e  coolan t  l i n e s  a t  
60 p s i g  and 20 gpm u n t i l  bear ing  temperatures reach -270'F maximum. 
t o  incli ide simulated tu rb ine  temperature, admit ho t  gas t o  t h e  s e a l  h o t  gas  vent  
under t h e  following condi t ions  : 
I f  t h e  t e s t  i s  
30 l b f h r  Steam and 60 l b / h r  H e l i u m  
Pressure of Mixture = 100 ps i  
Temperature a t  I n l e t  = 600'~ 
( e )  Adjus t  bear ing  coolant  flow r a t e  and pressure  t o  
d e s i r e d  nun l e v e l  and a d j u s t  t h e  pressure i n  t h e  cav i ty  between t h e  two power 
t ransmiss ion  assemblies  t o  450 p s i a ,  leaving t h e  tu rb ine  s e a l  c a v i t y  a t  atmospheric 
pre  s s ure 
(d)  Adjust bear ing  t h r u s t  and r a d i a l  pre- loads.  
( e )  I n i t i a t e  r o t a t i o n  and a d j u s t  speed. When des i r ed  
speed i s  reached, i nc rease  t h r u s t  and r a d i a l  loads t o  s teady  s t a t e  l e v e l s .  
( f )  Operate a t  s teady  s t a t e .  Monitor speed, coolan t  
flow r a t e ,  bear ing  temperature,  and bear ing v i b r a t i o n .  
(g )  Terminate t e s t  by dece le ra t ing  t o  zero speed while 
s imultaneously reducing loads.  With speed a t  zero,  reduce coolan t  flow and pressure .  
(h )  Maintain a 5 p s i g  gaseous n i t rogen  purge upon 
completion of t e s t s .  
Unscheduled t e s t  t e rmina t ion  va lues  were: speed g r e a t e r  
t h a n  5,000 rpm; coolant flow ra te  l e s s  t han  35 gpm; bea r ing  temperature over 180'~ 
or r i s i n g  a t  a r a t e  g r e a t e r  t h a n  5*F/sec; o r  a sudden r i se  i n  v i b r a t i o n  l e v e l .  
3. Test Resu l t s  and Discussion 
The t e s t  program was d iv ided  i n t o  t h e  fo l lowing  fou r  phases:  a 
p re l imina ry  eva lua t ion  phase, dur ing  which t h e  bea r ings  of d i f f e r e n t  manufacturers 
were surveyed t o  determine t h e  most promising conf igu ra t ion ;  a q u a l i f i c a t i o n  phase, 
i n  which t h e  p re fe r r ed -conf igu ra t ion  b a l l  and r o l l e r  bea r ings  were q u a l i f i e d  f o r  
use i n  t h e  turbopump a t  nominal ope ra t ing  cond i t ions ;  a p e r i p h e r a l  e v a l u a t i o n  phase 
t o  demonstrate t h e  c a p a b i l i t y  of t h e  bear ings  a t  "off-design" cond i t ions  of load 
and d i r e c t i o n  of load, coo lan t  medium and coolant  p re s su re ;  and a turbopump 
e v a l u a t i o n  phase during which t h e  a p p l i c a b i l i t y  of component t e s t s  t o  t h e  turbopump 
was demonstrated. A complete t a b u l a t i o n  of bea r ing  conf igu ra t ion ,  t e s t  cond i t ions ,  
and r e s u l t s  f o r  each t e s t  phase i s  given i n  Appendix C. 
and a d i s c u s s i o n  of t h e  r e su l t s  of each t e s t  phase and ca tegory  are g iven  below. 
A b r i e f  summary t a b l e  
a .  Phase I - -Pre l iminary  Evalua t ion  
(1) Category A--Single Thrus t  Bearings,  Constant Speed 
( a )  Summary 
T o t a l  Tes ts  
(Two Tests/Run) 
40 
T o t a l  Bearings Tested 10 
T o t a l  Duration Accrued ( s e e )  10,550 
T o t a l  F a i l u r e s  (Sear ings  not  
Reuseable) 
T o t a l  Duration on One 
Bearing ( s e e )  
1 
37 454 
T o t a l  S t a r t s  on Same Bear ing  a 
Typ ica l  Load on Same 
Bearing (Lb)  23,000 
Maximum Load (Lb)  31, ooo 
Duration a t  Maximum 
Load (See) 770 
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(b )  Discussion 
Single t h r u s t  bear ing  eva lua t ion  t e s t s  were conducted 
using t h e  tu rb ine  d r iven  t e s t e r  shown i n  Figures  3 and 4. 
Over-a l l  performance of a l l  bear ings  was e x c e l l e n t  
with t h e  s i n g l e  f a i l u r e  c l e a r l y  a t t r i b u t a b l e  t o  i n s u f f i c i e n t  p r e - t e s t  cool ing  of ,  
and inadve r t en t ly  low coolant  flow t o ,  t h e  inboard bear ing.  F a i l u r e  r e s u l t e d  from 
heavy i n t e r n a l  ( b a l l  t o  r ace )  i n t e r f e rence  caused by nonuniform cool ing  of t h e  inne r  
and ou te r  races .  The p r e - t e s t  cooling procedure was modified t o  a s su re  t h a t  a l l  
bear ing  r ace  temperatures  had reached -270°F or l e s s  p r i o r  t o  i n i t i a t i o n  of t h e  
t e s t ,  and no f u r t h e r  f a i l u r e s  of t h a t  type  were experienced. The minor b a l l  and race  
d i s t r e s s  noted a f t e r  370 see  of op r t i o n  w a s  caused by inadequate coolan t  flow 
improve t h e  en t rance  condi t ion  t o  t he  con tac t  sur face ,  and two new bear ings  thus  
modified were subsequent ly  t e s t e d  f o r  3454 sec  before  s i m i l a r  su r f ace  d i s t r e s s  was 
noted. 
because of excessive cage blockage e27 . The cages were modified by chamfering t o  
(2) Category %-Single  Radia l  Bearings, Constant Speed 
( a )  Summary 
Tota l  T e s t s  
(Three Tes ts/Run) 
To ta l  Bearings Tested 
To ta l  Duration Accrued (See) 
To ta l  F a i l u r e s  
Totd Duration on One Bearing 
(See) 
To ta l  S t a r t s  on Same Bearing 
Typical Load on Same Bearing (Lb) 
Maximum Load (Lb)  
Duration a t  Maximum Load (Sec) 
Carney, J. A., Post-Test Analysis  o f  M - 1  LO2 TP-4 Bearing P/N 288140, 












( b )  Discussion 
The single radial bearings were assembled into a 
carrier assembly as shown in Figure 10 and tests were conducted using the motor 
driven tester shown in Figure 8. 
A l l  bearings were in excellent condition at the 
conclusion of testing with no mechanical problems encountered. 
is shown a f t e r  th ree  t e s t s  in Figures 17, 18, and 19. However, discoloration of 
the roller end faces indicated a possible operational deficiency because the dis- 
coloration may have been caused by contamination of the rollers or  races. 
rigid cleanliness control was subsequently used and no f'urther occurrences of this 
type were noted. 
One of the bearings 
More 
( 3 )  Category C--Single Thrust and Radial 
Searings, Acceleration Evaluation 
(a) Summary 
Total Tests (Two Tests/Run) 66 
Total Ball Bearings Tested 6 
Total Roller Bearings Tested 2 
Total Duration Accrued (Sec) 1842 
Total Failures 0 
Total Starts on One Bearing 1-7 
Typical Acceleration on Same 
Bearing ( m / s e c )  8000 
500 
8000 
Typical Load on Same Searing (Lb) 
Maximum Ac c e le r a+, Ion ( RPM/ s e c) 
(b) Discussion 
No problems were identified during the acceleration 
tests which were conducted using the turbine driven acceleration tester shown in 
Figures 5 and 6, 
under operational considerations, did not permit simulation of turbopump conditions 
of speed-dependent load and coolant pressure. 
However, tester control limitations, which were previously discussed 
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Radia l  Bearing Inne r  Race 
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Figure 19 
Radia l  Bearing, Rollers and Cage 
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i 
(4) Category D--Single Rad ia l  Bearings and Single  Thrust  
Bearings i n  Tandem, Power Transmission Tes t e r  (See 
Figures  11 and 12) 
( a )  Siumnary 
Total Tests (6 Tests/Run) 
T 'otal  Ea11 Bearings Tested 
T o t a l  Ro l l e r  Bearings Tested 4 
14 4 
4 (2 sets) 
T o t a l  Duration Accrued wi th  a l l  
Bearings (See) io ,  600 
T o t a l  F a i l u r e s  2 (1 s e t )  
T o t a l  Duration on Each Bearing (Sec) 1768 
T o t a l  S t a r t s  or: One Sear ing  24 
Typica l  Load on Same Bearings (Lb) 
Typica l  Load on R o l l e r  Bearings (Lb)  
6700 
6000 
M a x i m u m  Load on P a l l  Bearings (Lb/Set) 2&800 
Maximum Load on Rcller.  Bearings (Lb) 12,000 
(b )  Discussicn 
Performdnc; of t he  b ~ d  ririgs was e x c e l l e n t  dur ing  
t h i s  i n i t i a l  turbopimp power t r ansmiss i cn  t 9 e c k c d  t E s t  s e r i e s ,  b u t  f a u l t y  locknut  
i n s t a l l a t i o n  i n  one power t ransmiss ion  ( F i g ,  bt: 13) allowed the t h r d s t  bea r ing  i n n e r  
r ace  hslvp.; t o  s e p a f s t e  and f a i l  because t h e  k?11 mad: con tac t  with the  i n n e r  
shoulder .  1\10 o the r  s i g n i f i c a n t  opera-t i o n d l  or mecfianical d i f f i c u l t i e s  were noted. 
b e  Phase 11 -Qua l i f  i c a t i o n  of Preferred Configurat ion 
The very  successf  111 t e s t i n g  summarized above i n d i c a t e d  
that a d d i t i o n a l  survey t e s t i n g  was not  requi red .  Therefore ,  t h e  program was 
re -eva lua ted  and e f f o r t  was concent ra ted  upon q u a l i f i c a t i o n  of p r e f e r r e d  bea r ings  
(P/N 281642, 281643 and 281644) f o r  use i n  t h e  turbopump. 
t h e  q u a l i f i c a t i o n  t e s t  phase. 
The fo l lowing  desc r ibes  
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(1) Category A--Tandem Thrust  Bearings, P/N 281642, 
Motor Driven Tes t e r  (See Figures  7, 8, and 9) 
(4 S-rY 
To ta l  Tests (Two Tests/Run) 54 
T o t a l  Bearings Tested 3 
T o t a l  Durat ion Accrued (See) 11,320 
T o t a l  F a i l u r e s  0 
Tota l  Durat ion on One Bearing (See) 5660 
To ta l  S t a r t s  on Same Bearing 27 
Typical Load on Same Bearing (Lb) 33,000 
Maximum Load (Lb) 65,000 
Duration a t  Maximum Load (See) 67 
(b)  Discussion 
A primary ob jec t ive  of t he  q u a l i f i c a t i o n  t e s t s  was 
t o  determine how w e l l  t h e  tandem bearings shared the  app l i ed  load. Examination of 
the  bear ings  used i n  Buildup No. 1 d e f i n i t e l y  showed t h a t  some load sha r ing  had taken 
place,  b u t  t h e  a c t u a l  shar ing  r a t i o  was very  d i f f i c u l t  t o  determine because the  
s e v e r a l  b a l l  t r a c k s  generated a t  d i f f e r e n t  app l i ed  loads overlapped t o  form a s i n g l e ,  
wide t r a c k .  Therefore,  t h e  contac t  angles could only be est imated wi th in  a wide 
margin. . ( 3 )  A load shar ing  r e l a t i o n s h i p  o f  66% t o  34% was ca l cu la t ed  upon t h a t  b a s i s  
A second ob jec t ive  was t o  demonstrate sa fe-opera t ion  
c a p a b i l i t y  a t  100% overload. 
lb with no i n d i c a t i o n  of f a i l u r e .  
Six t e s t s  were conducted a t  loads g r e a t e r  t han  50,000 
A s i g n i f i c a n t  i nc rease  i n  requi red  torque during 
the  l a s t  t e s t s  of t he  t h i r d  bui ldup ind ica ted  t h a t  f a i l u r e  was imminent. Examination 
of t h e  bea r ings  a f t e r  disassembly showed t h a t  one bear ing i n  each tandem se t  had 
overheated. The hea t ing  was probably caused by a combination of t h e  very high 
(3)Carney, J. A., Post-Test  Analysis  of M - 1  LO, TPA Tandem B a l l  Bearings 
L 
P/N 281642, S/N 18 and 32, Report RMR 0192, 27 Mar 1964. . 
- rage 4i 
t h r u s t  loads  and cage wear. 
i n  Figures  20 through 29. 
The bear ings  a r e  shown a f t e r  5660 see  of t e s t  d u r a t i o n  
( 2 )  Category B--Radial Bearings,  P/N 281644, Motor Driven 
Tester (See F igures  8 and 10) 
( a )  Summary 
T o t a l  Tes t s  (Two Tests/Run) 
T o t a l  Bearings Tested 
T o t a l  Duration Accrued (See) 
T o t a l  F a i l u r e s  
T o t a l  Duration on One Bearing (See) 
T o t a l  S t a r t s  on Same Bearing 
Ty-pical Load on Same Bearing (Lb) 
Maximum Load (Lb) 
Duration a . t  Maximum Load ( S e e )  










Over-a l l  performance of a l l  bear ings  was e x c e l l e n t ;  
I no mechanical or opera t iona l  problems of any kind were encountered. 
( 3 )  Category C--Tzndem Thrust  Bearings,  P/N 281642, 
Power Transmission Assembly T e s t e r  (See F igures  11 and 12)  
( a )  Summary 
T o t a l  Tes t s  (Two Tests/Run) 18 
T o t a l  Bearings Tested 2 
T o t a l  Durat ion Accrued ( S e e )  6564 
T o t a l  F a i l u r e s  0 
T o t a l  Durat ion on One Bearing (See) 3282 
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Figure 20 
Thrust Bearing, Disassembled (S/N 3.2~) 
?age 43 
Figure  21 






Thrust Bearing, Outer Races (S/N 32A) 
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F i g u r e  23 
Thrust Bearing,  B a l l s  (S/N 3%) 
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Figure 24 
Thrust Bearing, Cage (S/N 3 2 )  
?age 47 
Figure 25 
Thrust Bearing, Disassembled ( S / N  32B) 
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Figure 26 
Thrust B e a r i n g ,  Inner  Races (S /N 32B) 
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. 
Figure  27 




Thrust Bearing, Ba l l s  (S/N 32B) 
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Figure 2r) 
Thrust Bearing,  Cage (S/N 32B) 
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. P  
T o t a l  S t a r t s  on Same Bearing 
Typical  Load on Same Bearing (Lb) 
Maximum Load (Lb) 






The bear ings performed f l a w l e s s l y  throughout t h e  
en t i r e  t es t  series. P o s t - t e s t  i n spec t ion  of t h e  bear ings  showed no v i s i b l e  or 
mea s urab l e  damage. 
(4) Categor j  D--Radial Bearings P/N 281644, Power 
Transmission Assembly Tester (See F igures  11 and 12) 
(4 Summary 
T o t a l  Tests (4 Tests/Run) 36 
T o t a l  Bearings Tested 4 
T o t a l  Durat ion Accrued (Sec) 13,128 
To t a  1 F a i l u r e s  0 
T o t a l  Durat ion on One Bearing (See) 3282 
T o t a l  S t a r t s  on Same Bearing 9 
Typical Load on Same Bearing (Lbs) 15,000 
Maximum Load (Lb ) 15,000 
Duration a t  Maximum Load (See) 2470 
(b)  Discussion 
Turbine hea t ing  was s imulated f o r  t he  f i n a l  f i v e  
t es t s  of t he  s e r i e s .  
h i g h e r  t h a n  i n  prev ious  t e s t s ,  no adverse e f f e c t s  were noted. The condi t ion  o f  
a l l  r o l l e r s  and r aces  was e x c e l l e n t  a t  t h e  conclusion of t h e  tes ts .  
Although the  bear ing temperature was approximately 10°F 
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e .  Phase I11 - P e r i p h e r a l  Evalua t ion  of  Prototype 
Configurat ion (P/N 2816642, 281643, and 281644) 
The t o t a l  success  of t h e  q d a l i f i c a t i o n  t e s t i n g  l e d  t o  a 
t h i r d  r e d i r e c t i o n  of t h e  program. 
and t e c h n i c a l  i n t e r e s t s  of t h e  program would b e s t  be served i f  t h e  q u a l i f i c a t i o n  
t e s t , i ng  a t  nominal turbopump condi t ions  was discont inued.  
was placed upon eva lua t ion  of t h e  p re fe r r ed -conf igu ra t ion  bea r ings  a t  t h e  p e r i p h e r a l  
cpe ra t ing  condi t ions  expected dur ing  the  f i rs t  t,urbopwnp test  series. 
It was concluded t h a t  both t h e  economical 
The program emphasis 
The p e r i p h e r a l  t es t  phase w a s  conducted p r i m a r i l y  t o  eva lua te  
the  e f f e c t s  of high,  r eve r sed - th rus t  bea r ing  loading a t  low speed while  using l i q u i d  
n i t r o g e n  as a coolant  under poss ib l e  b o i l i c g  condi t ions .  
e f f e c t s  of pocr  load sha r ing  caused by reversed  loading and t h e  d i f f e r e n t  coo l ing  
c h a r a c t e r i s t i c s  of l i qu id  n i t rogen  might ccns H t u t e  a hazard t o  safe turbopump 
operat ion.  
It appeared t h a t  t h e  combined 
(1) Category A - Tandem Thrus t  Bearings,  P/N 281642, 
Reversed Load, Motor Driven Tester (See F igures  7, 
8 ,  and 9) 
(a )  Summary 
T o t a l  Tests 19 
T o t a l  %arir!gs Tested 2 
T o t a l  Duration Ac x a e d  (See) 1 5  54 
T o t a l  F a i l u r e s  0 
T o t a l  Duratic-n on One Bearing (See) 833 
T o t a l  S t a r t s  on Same Bea.ring 7 
Typica l  Load on Same Bearing (Lb) 30 , ooo 
Maximum Load (Lb) 33,000 
Durat ion a t  Maximum Load (See) 61 
(b)  Discussion 
Vi sua l  i n spec t ion  of t h e  t e s t  bear ings ,  which 
were those loaded i n  r eve r se  d i r e c t i o n ,  showed no damage whatsoever; however, t h e  
s l a v e  bea r ing  s e t  showed s i g n s  of h e a t i n g  on t h e  b a l l s  and r aces .  
t h a t  t h e  d i sco lo red  bear ings were reuseable ,  b u t  t h e  t es te r  was reassembled wi th  
new s l ave  bear ings  s o  t h a t  t he  used bear ings  coa ld  be  dimensional ly  inspec ted  while  
It was be l i eved  
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s t i l l  maintaining schedule requirements. The s l a v e  bear ings  were of t he  same 
conf igura t ion  a s  t he  t e s t  bear ings  for t h e  balance of t h e  t e s t i n g ,  thereby doubling 
t h e  t e s t  experience for those  tests. 
The remainder of t h e  t e s t s  were conducted without  
i n c i d e n t  u n t i l  t h e  next t o  l as t  t e s t ,  during which, a sharp 40°F r i s e  i n  bear ing  
temperature was noted. 
l b  app l i ed  load showed t h a t  torque had r i s e n  from 50 f t - l b  t o  85 f t - l b .  A f i n a l  
t e s t  was conducted and aga in  the  nigh torque condi t ion  was noted although the  
sharp temperature  r i s e  d i d  not  recur .  The t e s t  bear ings  showed s igns  of minor 
h e a t  d i s t r e s s ,  b u t  dimensional inspec t ion  proved they  were reuseable .  
bear ings  a f t e r  833 s e c  of opera t ion  are  shown i n  Figures  30 through 37. 
A p o s t - t e s t  bear ing drag  torque check performed with 20,000 
The t e s t  
It was concluded t h a t  a sharp r i s e  i n  bear ing  
temperature  of approximately 40°F was a s a f e  malfunct ion shutdown c r i t e r i o n ,  and 
t h a t  a 40 f t - l b  inc rease  i n  drag torque a t  30,000 l b  app l i ed  load was a u s e f u l  
i n d i c a t i o n  of bear ing  d i s t r e s s .  A f u r t h e r ,  more obvious conclusion was t h a t  t h e  
bea r ings  would func t ion  i n  t h e  expected turbopump environment f o r  a t  l e a s t  t he  intended 
cumulative turbopump tes t  du ra t ion  of approximately 200 see .  
d. Phase I V  - Turbapump Evaluat ion 
The s u c c e s s f u l  completion of bear ing  t e s t i n g  a t  t h c  ?L. Donent 
l e v e l  provided t h e  basis f o r  t h e  dec is ion  t o  t e s t  t h e  bear ings  (P/N 281642, 281643, 
281644) i n  the  turbopump. 
l i q u i d  n i t rogen  coolan t  a r e  a v a i l a b l e  from t h e  two turbopump t e s t  s e r i e s .  
a r e  d iscussed  below. 
Accordingly, two s e t s  of bear ing  eva lua t ion  da ta  wi th  
These 
(1) Category A - Reversed Load, Low Speed, Turbopump (See 
Figures  1 and 2)  
( a )  Summary 
T o t a l  Tes t s  
T o t a l  Duration Accrued (See) 
T o t a l  F a i l u r e s  
Typical Thrust  Load (Lb)  
Maximum Thrus t  Load (Lb)  









Figure  30 
Thrust Bear ing ,  Ba l l s  ( S / N  5 % )  
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Figure 31 




Figure  32 
T h r u s t  Bearing, Outer Race (S /N 5 2 A )  
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Figure 33 
Thrust Bearing, Cage (S/N 5 % )  
rage  5Y - 

F i g u r e  35 
Thrust B e a r i n g ,  I n n e r  Race (S/N 52B) 
n--- 1 3  ~ a 6 - z  V I  
Figure 36 
Thrust Bearing, Outer Race (S/N 52B) 
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Figure  37 
Thrust  Bearing, Cage (S /N 5 2 B )  
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(b)  Discussion 
Both r o l l e r  bear ings  were i n  e x c e l l e n t  cond i t ion  a t  
t h e  conclusion of the  t e s t s .  The tandem t h r u s t  bear ings  showed some hea t  d i s c o l o r a -  
t i o n ,  but  dimensional i n s p e c t i o n  of b a l l  s i z e  and b a l l  s i z e  v a r i a t i o n  showed t h a t  t h e  
bear ings  were reuseable  because no measurable dimensional changes had occurred.  
The d i s c o l o r a t i o n  was i d e n t i c a l  t o  t h a t  noted i n  t h e  bea r ings  used i n  t h e  p e r i p h e r a l  
eva lua t ion  phase, demonstrating t h e  d i r e c t  a p p l i c a b i l i t y  of t h e  component t e s t  r e s u l t s  
t o  t h e  turbopump. Some load shar ing  i n  t h e  r eve r se  d i r e c t i o n ,  perhaps as h igh  as 
80$0/20$ , was observed. Accurate de te rmina t ion  was impossible  because o f  t h e  wide 
wear t r a c k  r e s u l t i n g  from t h e  var ious  load condi t ions .  
( 2 )  Category B - High Load, High Accelera t ion ,  Turbopump 
(See F igu res  1 and 2 )  
( a )  Summary 
T o t a l  Tes t s  
T o t a l  Durat ion Accrued (Sec) 
T o t a l  F a i l u r e s  
Typ ica l  Thrust  Load (Lb) 
Maxirnm Thrust  Load (Lb) 




25,000/40 , 000 
67,000 
5 
(b)  D i s - - .  , ~ s s i o ~  
A l l  bea r i sgs  were i n  e x c e l l e n t  cond i t ion  a t  t h e  
conclusion of t h e  t e s t s .  
of same s o l i d  contaminants having passed through t h e  bea r ing  without damaging i t .  
Agai r ,  t h e  b a l l  t h r u s t  bear ings  showed t h e  wide wear t r a c k  c h a r a c t e r i s t i c s  o f  
v a r i e d  load operat ion,  which made accu ra t e  de te rmina t ion  of load sha r ing  impossible .  
Examination o f  t h e  highest  load wear t r a c k  i n d i c a t e s  t h a t  load sha r ing  was a t  l e a s t  
as htgh as 60%/40$ with t h e  bear ing  c l o s e s t  t o  t h e  pump be ing  t h e  most h igh ly  
loaded. 
The lack  of  d i sco lo ra t ion  on t h e  armalon sepa ra to r  b a l l  pockets  i n d i c a t e s  t h a t  
both quan t i ty  and d i s t r i b u t i o n  of t h e  coolant  was adequate .  
The input, ( t u r b i n e )  end r o l l e r  bea r ing  showed evidence 
The output  (pump) end r o l l e r  bear ing  showed no evidence of any damage. 
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IV. CONCWSIONS 
The system of bea r ings  developed du r ing  the  program meets a l l  of  t h e  turbopump 
requirements  a t  t h e  c u r r e n t  s t a t e  of development. 
t h a t  bear ing ,  loads of a t  l eas t  100% of t h e  des ign  va lues  can be sus t a ined  f o r  
du ra t ions  of a t  l eas t  5000 sec.  
I n  a d d i t i o n ,  it has  been proved 
The r e s u l t s  of p e r i p h e r a l  t e s t s  conducted i n  p repa ra t ion  f o r  turbopump 
t e s t i n g  shqwed t h a t  ope ra t ion  i s  poss ib l e  a t  bea r ing  housing i n t e r n a l  p r e s s u r e s  
t h a t  a r e  c o n s i d e r a b l y -  lower than  450 p s i a .  The r educ t ion  of t h e s e  p re s su res  t o  
a s u f f i c i e n t  margin above vapor pressure  t o  prevent  l o c a l  b o i l i n g  and t o  a l e v e l  
compatible with t h e  pump backvane cavi ty ,  t o  which the  coolan t  i s  re turned ,  ea ses  
t h e  t u r b i n e  end dynamic seal problem i n  p ropor t ion  t o  t h e  p r e s s u r e - l e v e l  reduct ion .  
V. RECOMMFWTIONS 
The next  l o g i c a l  s t e p  toward a n  o p e r a t i o n a l  engine system would be  an  
expansion of t h e  turbopump t e s t i n g  t o  extended-durat ion tes ts  a t  ful l -power l e v e l s  
t o  v e r i f y  t h e  l i f e  c a p a b i l i t y  of t h e  bear ings  i n  t h e  o p e r a t i o n a l  environment. 
No problems with t h e  bea r ings  are foreseen i n  extended-durat ion t e s t s .  Although 
t h e  longer  tes ts  are unquest ionably more severe ,  t h e  knowledge of pump and t u r b i n e  
performance gained du r ing  t h e s e  turbopump t e s t s  would al low very  accu ra t e  t h r u s t  
balancing.  
S u b s t a n t i a l  c o s t  savings f o r  bear ings r equ i r ed  f o r  subsequent turbopump 
and engine development are p o s s i b l e  by eas ing  to l e rances  ( b a l l  s i z e  and v a r i a t i o n ,  
s p h e r i c i t y ,  r ace  cu rva tu re )  and des ign  requirements.  A t  t h i s  s t a g e  of development, 
t h e  a b i l i t y  t o  p r e d i c t  t h r u s t  and reasonably c o n t r o l  i t s  a f f e c t i n g  parameters  
a l lows  ope ra t ion  wi th  less p r o b a b i l i t y  of  unexpected t h r u s t  excursion.  
component q u a l i f i c a t i o n  t e s t i n g  would be r equ i r ed  p r i o r  t o  turbopump use. 
Bearing 
An opt imiza t ion  of t h e  coolan t  flow ra tes  seems a p p r o r r i a t e  when cons ider ing  
t h e  turbopump e f f i c i e n c y  p e n a l t y  of r e c i r c u l a t i n g  flow. 
r educ t ion  r e q u i r e s  confirmation under extended-durat ion se rv ice .  
Such p o t e n t i a l  f low-ra te  
S i m p l i f i c a t i o n  of t h e  e n t i r e  coolant c i r c u i t  seems f e a s i b l e  because t h e  
bea r ing  performance does no t  appear  overly s e n s i t i v e  t o  flow rates .  
t h i s  s i m p l i f i c a t i o n  could be  comprised of  t h e  replacement of t h e  t r i p l e - p a t h  
measuring v e n t u r i  wi th  a s i n g l e  f low-ra te  monitor (e.g. ,  a simple o r i f i c e  
d i f f e r e n t i a l  p re s su re )  and t h e  e l imina t ion  of t h e  j e t  r i n g s  with t h e i r  a s s o c i a t e d  
t i g h t  t o l e rances ,  and r e v e r s e  b r i e n t a t i o n  and clogging p o t e n t i a l .  
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Outer Mametor 6.692570 
9' 6 692430 
vi- Inner 1.6019 
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Ehdia). Clearanco 00037 
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Center 
(1 copy) 
General Xotors Corporation 
Tibor ' - 3 l l i a n  (1 ccpy) 
.AS  I x d u s t r i i s .  I r c .  
l l O C  Fir:;t Xv-nuc 
..in: of >russia, P..msylvncia .. . 
i r c r c f t  Corp. 
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Frank dnweiger  (1 co:y) 
F l i s h t  ?repulsion 3 iv l s ion  
L i r & e  J e t  >.&:ne Department 
Cincinr,r.ti 15, Ghio 
;,.ail a top  K-49 
J. L. 2oss (1 copy) 
Clevelzn?. Gr,-p;lite 3ronze 
2ivi;ion o f  C lev i t e  Corp. 
17330 5t. Clair 
Clcvel:nd, Chio 44110 
